Abstract. The current key performance indicators of the pump-probe facility at the Free Electron Laser in Hamburg (FLASH) are described. The temporal and spatial characteristics of both the extreme ultraviolet (XUV) Free Electron Laser and the temporally synchronized optical femtosecond Ti:Sapphire laser are determined by measuring two-color above threshold ionization in rare gases. Characteristic sidebands appear in the photoelectron spectrum under the combined action of both radiation fields providing a very sensitive probe for the spatial and temporal overlap of both pulses. The high spatial acceptance of a magnetic bottle electron spectrometer enabled us to obtain single-shot photoelectron spectra and to correct for the inherent time jitter between both light sources, which reduces the temporal resolution when recording spectra in average mode. As an illustration of the first application, experimental results on polarization control in the two-photon two-color ionization of atomic He are presented.
INTRODUCTION
In the last years, experimental studies of photoinduced processes using short wavelength radiation have gained a strong stimulus by the advent of Free Electron Lasers (e.g. [1] ) operating on the principle of self-amplified spontaneous emission (SASE) (e.g. [2] ). In particular, the start of operation of the Free electron LASer in Hamburg (FLASH) at DESY in mid-2005 has opened up many fascinating possibilities for new experimental studies [3] , which make use of ultra-short laser pulses at high fundamental photon energies (13-48 nm) with high peak and average power [4, 5] . For pump-probe experiments and time-resolved studies the XUV radiation from FLASH can be combined with an optical laser, which provides femtosecond infra-red (120 fs, 800 nm) and picosecond visible (12 ps, 523 nm) pulses, electronically synchronized with the Free Electron Laser pulses (temporal width 10-20 fs). The optical laser can be used to prepare species in a particular, well-defined state prior to ionization in the XUV field or it can produce a strong dressing field during the photoionization process giving rise to additional structures in the electron spectrum [6, 7] , i.e. causing changes to the ionization dynamics. In addition, by making use of the wavelength tunability of both sources, one or both excitation steps can be made resonant [8] . Numerous two-color pump-probe experiments, involving intense laser fields of very different photon energies and focussing on photoionization and molecular dissociation processes, can be explored in this way. But in order to make full use of the two independent femtosecond sources, the UVX 2008 Figure 1 . Scheme of the above threshold ionization (ATI) processes giving rise to the sidebands in the photoelectron spectrum. Sidebands (SB) occur only at spatial and temporal overlap between the pulses of the FEL and the optical laser (OL).
synchronization and the spatial and temporal stability of the set-up has to be characterized under real experimental conditions.
A powerful tool to obtain information about the temporal overlap of femtosecond pulses is provided by the process of two-color Above Threshold Ionization (ATI) (Fig. 1 ). This technique is based on photoelectron spectroscopy of rare gas atoms to analyze the photoionization signal produced by an XUV radiation field in the presence of a strong optical laser beam. Upon photoionization by the XUV photons, the electrons can emit or absorb one or more additional light quanta from the intense optical dressing field (>10 10 W/cm 2 ). This process is observed as a sideband structure on both sides of the main atomic line in the photoelectron spectrum [6, 7] . Intensity and shape of these sidebands depend strongly on the temporal and spatial profiles of the two femtosecond pulses [7] and can therefore be utilized to characterize the XUV pulses [9, 10] . Since the underlying physical processes are theoretically well understood [11] , the method can even be applied and extended to the analysis of single-shot spectra allowing for each individual event to determine the time delay between both the XUV and the optical laser pulses [12] .
EXPERIMENTAL SET-UP
Details of the two-color pump-probe set-up are given elsewhere [12, 13] . Briefly, the XUV Free Electron Laser (FEL) and the optical laser beams were introduced into the vacuum chamber in a collinear geometry and intersected an effusive gas jet within the acceptance angle of a magnetic bottle electron spectrometer (MBES) (Fig. 2) . The FEL was operated at 25.5 nm (48.5 eV) and 13.8 nm (89.9 eV) at a repetition rate of 5 Hz in single bunch mode, pulse energies up to 50 J, spectral bandwidth of 0.5-1% and pulse duration of 10-20 fs estimated from the spectral distribution [4, 5] . The optical dressing field is produced by ultra-short optical laser pulses from an intense Ti-Sapphire laser (up to 2 mJ, 800 nm, 120 fs to 4 ps), which is synchronized to the reference frequencies (1.3 GHz and 108 MHz) from the master oscillator driving the electron accelerator.
During the experiments, the radiation of the optical laser was transported via a dedicated beam line over a distance of 30 m to the experimental vacuum chambers and was focussed there via an off-axis parabola (30
• off-axis, f = 272 mm, 76 mm diameter) to a focus diameter of about 50 m. Optical dressing fields in the order of 10 10 -10 12 W/cm 2 were easily obtained in this geometry. The diameter of the FEL beam in the interaction region was determined to be about 30 m, hence minimizing the effect of spatial jitter for the two-color experiments. Spatial alignment of both laser beams was achieved by monitoring, with the aid of a microscope, the spatial profiles of each beam on a phosphor screen placed at the interaction region of the MBES. The time delay between the two laser pulses was controlled by passing the optical beam through a variable delay stage. Long term drifts of up to ±3 ps between the two lasers were monitored by a fast streak camera with better than 1 ps (r.m.s.) resolution.
Electron spectra are recorded with the aid of a specially designed MBES [10, 14] . The photoelectrons which are produced by the interaction of the XUV radiation with the effusive gas jet are directed by a strong permanent magnet (0.5 T) towards a 65 cm long flight tube. A solenoid producing a weak guiding field (0.6 mT) brings almost all the electrons to a microchannel plate detector (MCP) and a time-of-flight (TOF) detection scheme allows the kinetic energies of all photoelectrons to be measured simultaneously. Due to the large collecting efficiency of the MBES, the set-up can be applied to low density targets and, in the case of the intense FEL beam, allows the analysis of the photoionization process on a shot-to-shot basis [12] . The best energy resolution of 1-2 % of the kinetic energy is achieved by decelerating the electrons with the aid of electrostatic retardation fields at the entrance of the flight tube.
EXPERIMENTAL RESULTS AND DISCUSSION

Two-color spectroscopy in average mode
The high kinetic energy region of a series of two-color photoelectron spectra of atomic Xe is displayed in Fig. 3 . The spectra were recorded at different fixed temporal delays ( T) between the pulses of the FEL and the optical laser by averaging over 250 single pulses. With FLASH operating at a wavelength of 25.5 nm (i.e. 48.6 eV), photoionization of the Xe 5p shell gives rise to the two strong lines at E kin = 36.5 eV and 35.2 eV attributed to the ionic states Xe + 5p 5 2 P 3/2 and 2 P 1/2 , respectively. The additional small lines at higher kinetic energy are the signature of the ATI process. These so-called sidebands in the photoelectron spectrum are caused by the simultaneous action of both the XUV and optical fields, and show up only in the region of strong temporal overlap, i.e. in the region close to T = 0 fs. In the given example, where the optical dressing field was produced by the 800 nm pulses of about 20 J pulse energy and 120 fs temporal width, sidebands up to 4th order are observable in the region of perfect overlap.
Since the sideband structure is very sensitive to the temporal (and spatial) overlap between the FEL and optical laser pulses, the measurements are used to determine the temporal resolution of the pumpprobe set-up at FLASH. On the right hand side of Fig. 3 the intensity of the sidebands is plotted as a function of the temporal delay T. This cross-correlation curve can be fitted by a Gaussian profile with a full width at half maximum (FWHM) of about 600 fs. This value corresponds to the temporal resolution which is obtained in time-resolved two-color experiments without any further characterization or control of both pulses. Since the pulse widths of the FEL and the optical laser were determined to be about 10-20 fs [5] and 120 fs [12] , respectively, this temporal width is mainly caused by the inherent jitter of the SASE FEL. From our measurements, the jitter is determined to about 590 fs (FWHM) [12] , which represents the dominant contribution for experiments recorded in the signal averaging mode.
Two-color spectroscopy in single-pulse mode
In order to improve the temporal resolution at the FLASH pump-probe facility and to overcome the limitations due to the temporal jitter of the FEL pulses, additional characterization of the pulses is necessary. For the case of the ATI measurements, we have taken advantage of the possibility to record a full photoelectron spectrum for each individual FEL pulse by using the MBES [13] . Such singleshot two-color photoionization spectra of atomic Xe, recorded ath (FEL) = 89.9 eV (13.8 nm) and at optimal temporal overlap ( t = 0 fs), are shown in Fig. 4 . Even though recorded at the same nominal temporal delay, the selected spectra are markedly different with respect to the number of sidebands. Due to the jitter of about 590 fs, a single 20 fs wide FEL pulse sometimes doesn't overlap at all with the 120 fs wide optical pulse (spectrum (d) without sideband structure) or is in perfect overlap (spectrum (a) with the maximum number of sidebands) or overlaps, but with a small delay with respect to the optical pulse (spectra (b) and (c) with fewer sidebands). Since the overall intensity of the photoionization process is determined by the number of FEL photons and the optical field only serves to redistribute the intensity on the kinetic energy scale, the one-color signal for the case of strongest sideband intensity, i.e. strongest overlap, is markedly decreased in the single-pulse mode. In the average spectra (cf. Fig. 3 ) this effect can hardly be seen due to the high number of events without overlap, which produce the dominant Xe 5p photolines.
The variation of the sideband intensity as a function of the position of the FEL pulse with respect to the broader optical pulse can be used to determine with much higher precision the temporal delay between both pulses, for cases where both are overlapping in time. The comparison to theoretical calculations [11] , which take into account the different effective strengths of the optical dressing field at different temporal delays, reproduce very well the observed structures (Fig. 4) . The spectra with one or two sidebands correspond to a decrease of dressing field intensity by a factor of 3 and 12, respectively, i.e. a temporal delay of 80 and 115 fs with respect to perfect overlap at t = 0 fs. In this way, we demonstrate that it is possible to obtain via the analysis of the sideband intensity a determination of the relative temporal delay between individual independent FEL and optical pulses with a precision of better than 50 fs. We note that the region of temporal overlap can be increased by stretching the optical pulses at the cost of sideband signal intensity. However, we also note that with this analysis it is not possible to determine which of the pulses comes first. 
Polarization effects in the two-color photoionization of He
After having characterized the temporal characteristics of the two-color pump-probe set-up, we have used it for a first application, namely to determine the polarization dependence of the two-color above threshold ionization process in atomic He [15] . By taking advantage of the well-defined linear polarization of both laser beams, we have measured photoelectron spectra for different relative orientation between the polarization vectors of the FEL and the optical laser (Fig. 5) . The strongest intensity of the sidebands and smallest of the He 1s main line are observed for parallel orientation ( = 0
• ). Much less intensity is transferred to the sidebands, when the polarization vectors are perpendicular to each other ( = +90
• or −90 • ). The amplitude of the intensity variation can be directly related to the ratio of the partial cross sections in the two-color photoionization process. When only a moderate dressing field is applied (≈8 × 10 10 W/cm 2 ) and only one sideband is observed in the photoelectron spectra, the variation can explicitly be described by
where T i (i = 0,2) are second-order radial integrals associated with the emission of s-and d-electrons, respectively [16] . The measured contrast between maximal and minimal sideband intensity max / min = 3.4 ± 0.5 leads to an experimental ratio S 0 : S 2 = 1.25 ± 0.3. This ratio is in good agreement with the theoretical values of S 0 : S 2 = 0.98 and 1.0 obtained within the secondorder perturbation calculation and the soft-photon approach, respectively, but deviates strongly from the predictions of the propensity rules [17] , favoring in general transitions related to an increase of the angular momentum in the case of absorption.
CONCLUSION
Using the process of above threshold ionization (ATI) in rare gases, we have been able to characterize the temporal stability of the XUV pulses from the Free Electron Laser FLASH with respect to an external synchronized optical laser. When recording spectra by averaging over many pulses the effective temporal resolution was determined to about 600 fs FWHM, which is nearly completely related to the temporal jitter of the FEL. Since the intensity of the sidebands in the photoelectron spectra provides a precise sensor for the strength of the dressing field, i.e. for the relative delay of the ionizing FEL pulse with UVX 2008 Figure 5 . Two-color photoelectron spectra of atomic He photoionized by the XUV radiation from FLASH (13.5 nm) in the presence of the optical laser field (6 × 10 11 W/cm 2 ) displayed as a function of the relative angle between the linear polarization vectors of the XUV-FEL and optical laser (OL).
respect to the optical pulse, the temporal precision was improved to a value of about 50 fs for overlapping pulses by making use of a single shot analysis. Finally, as a first application the polarization effects in the two-color two-photon ionization of atomic He was measured providing for the He 1s photoionization a determination of the relative importance of the s and d continua.
